Surface-interface exploration of Mg deposited on Si(100) and oxidation effect on interfacial layer Using scanning tunneling microscopy and spectroscopy, Auger electron spectroscopy, and low energy electron diffraction, we have studied the growth of Mg deposited on Si(100)-(2 Â 1). Coverage from 0.05 monolayer (ML) to 3 ML was investigated at room temperature. The growth mode of the magnesium is a two steps process. At very low coverage, there is formation of an amorphous ultrathin silicide layer with a band gap of 0.74 eV, followed by a layer-by-layer growth of Mg on top of this silicide layer. Topographic images reveal that each metallic Mg layer is formed by 2D islands coalescence process on top of the silicide interfacial layer. During oxidation of the Mg monolayer, the interfacial silicide layer acts as diffusion barrier for the oxygen atoms with a decomposition of the silicide film to a magnesium oxide as function of O 2 exposure. The controlled growth of ultrathin oxide films is of crucial importance for technological applications in microelectronics 1 and particularly in semiconductor-based spintronic. The main issue is to find new routes to process well controlled homogenous oxide layers on semiconductor surfaces known for their high reactivity to oxygen species, and more precisely on how to reach a high-quality interface between the deposit and the silicon substrate. 3-5 Some recent studies explore an innovating growth method, in which the oxidation is performed at room temperature (RT) on a metallic monolayer (ML) previously deposited on silver or silicon substrates [6] [7] [8] [9] [10] [11] resulting in a high homogenous oxide layer, with sharp interfaces and preventing oxidation of the silicon substrate. To master this process, it is crucial to finely control and get a fundamental description with an atomic scale precision about the deposition of the metallic layer in direct contact with the substrate.
Mg on Si(100) has been investigated by several groups, [12] [13] [14] [15] [16] due to the great interest in low work function metal-on-semiconductor systems for technological application as efficient photocathodes or as thermionic energy converters. 17, 18 While scanning tunneling microscopy (STM) works of Mg on Si(100) 12, 16 were limited to 0.25 ML, we focused our studies up to 3 ML.
We have shown the formation of a Mg 2 Si ultra-thin silicide layer at the interface. We also studied the oxidation of one Mg ML and highlighted a strong effect on this interfacial layer. Note the great interest of thin silicide properties as Mg 2 Si for thermoelectric applications 19 or MgB 2 superconducting thin films on Si(100). 20 Here, the choice of Mg is motivated by the high potentiality of its oxide as an insulating barrier for magnetic tunnel junctions 21, 22 and siliconbased spintronics.
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All experiments were performed in an ultra-high vacuum (UHV) chamber equipped with a commercial Omicron variable temperature-scanning tunneling microscopy, an Omicron Spectra-low energy electron diffraction (LEED), and a Riber CMA Auger spectrometer. The Si(100) sample was outgassed at 700 C over night, flashed briefly to 1100 C, and then cooled slowly (50 C/3 min) from 900 C to 650 C. This procedure was reiterated until a sharp (2 Â 1) LEED pattern and organized Si dimer rows characteristic of a reconstructed Si(100) surface was obtained by STM. Mg was deposited in situ at RT from a calibrated effusion cell in the 10 À10 Torr range. The deposition rate was calibrated using Auger electron spectroscopy (AES) in a derivate mode and compared with other calibrations using quartz crystals (in the following discussion, 1 ML ¼ 7.88 Â 10 14 atoms/cm 2 , atomic density of the Si(100) surface layer). The oxidation process of one Mg monolayer was performed at RT by exposing the sample to a constant pressure of molecular oxygen (1 Â 10 À8 Torr) in the chamber. Figure 1 (a) presents the evolution of the normalized peak-to-peak Auger intensities of the Si_(92 eV) substrate and the Mg_(45 eV) adsorbate versus deposition time. A continuous variation appears for both substrate and adsorbate intensities until constant values (close to 0 for silicon and close to 1 for Mg) are reached. From the shape of the curves, one can deduce the growth mode mechanism. 23 A logarithmic representation of the Auger Si_(92 eV) signal versus deposition time is given in Figure 1 (b), where a nearly linear decay corresponding to an exponential attenuation of the substrate intensity is observed. This reveals a layer-by-layer growth mode for Mg at RT 24 where each break on the curves corresponds to a monolayer completion (highlighted by vertical lines on Figure 1 14 and attributed to a thin silicide layer of Mg 2 Si. It is reasonable to assume that one Mg ML corresponds in Figure 1 (a) to the first break observed on the Si and Mg signals after 21 s of deposition (as expected for a layer-bylayer growth mode). So that, it is possible to evaluate the Mg/Si intensities ratio obtained for each successive monolayer. After 1 ML of deposition, the silicon Auger peak is attenuated by about 54% of its initial value.
Using the attenuation equations, 25, 26 we deduce from the AES the Mg thickness obtained after 1 ML of deposition (2:7Å), in agreement with the Mg atomic diameter of 2:9Å.
As metal deposition increases, the LEED (2 Â 1) reconstruction pattern gradually fades away and disappears completely at 0.3 ML of Mg coverage, in agreement with the previous studies. 12 As more Mg is deposited, Mg specie has disrupted the surface and removed the long-range order associated with the Si(100)-(2 Â 1) surface reconstruction as shown by LEED as a disordered surface.
Note that at low coverage, 2 Â 2 and 2 Â 3 Mg reconstructions were reported by Kubo et al., 16 formed by thermal desorption of Mg. This is in agreement with earlier AES-LEED experiments performed by Kawashima et al. 13 The growth at extremely low coverage of Mg on welldefined Si(100)-(2 Â 1) was explored. Hutchinson et al. 12 
Increasing the Mg coverage, we report in Figure 3 (a) an empty state STM image recorded after around 0.25 ML of deposition. At this deposition level, the silicon surface seems already saturated by Mg adatoms.
This can be explained by preferential adsorption sites for Mg onto the reconstructed Si(100)-(2 Â 1) surface, as discussed by Hutchinson et al. 12 As observed in Figure 3(a) , the deposition of about 0.25 Mg ML leads to the formation of a complete underlayer resulting of a distinctive 70 pm high topography on the covered substrate. From their morphology, we can reasonably assume that these Mg features are similar to the ones previously observed in the early stages of growth (Figure 2(b) ). However, the larger density leads to an entire coverage of the silicon surface. Note that from very sharped step edges observed on clean silicon surfaces results to un-sharped step edges and rough surface characteristic of a disordered surface alloy consistent with extinguished LEED pattern at this coverage. Interestingly, no LEED pattern is observed at higher energy (120 eV), suggesting that Mg atoms induce a long-range disorder (more than two or three layers). Note that RT could induce inter-diffusion phenomenon between Mg and Si atoms leading to an amorphous underlayer identified by XPS measurement in a previous study as Mg 2 Si silicide ultrathin film. 14 However, no other study has ever been made on this ultrathin silicide layer at RT, while in the 20-50 nm range, Mg 2 Si silicide layers were extensively studied 19,27-30 for mechanical, electronic, and thermoelectric applications. Figure 3(c) shows an empty state STM image of the surface after 1 ML of Mg deposition. As coverage increases, the Mg flakes tend to densify to form a homogeneous ultrathin film. The non-continuous behavior of this layer is, however, not surprising at RT since many studies have reported the influence of annealing on the metallic deposit morphology. No noticeable size modifications are observed at this coverage; the Mg flakes still exhibit an average height of around 4Å. This measure is consistent with the Mg atom diameter (2:9Å) added to 70 pm, the height of the interface silicide layer. Figure 3(d) shows a filled state STM image of the surface obtained after the deposition of about 3 Mg MLs. A lateral size range of the Mg flakes between 10 nm and 50 nm is still observable, with a measured average height close to 1 nm which approximates with a factor of three times the measured thickness obtained after 1 ML of Mg deposition. We can suppose that every Mg flake belonging to a previous monolayer is used as a ground floor for the 2D growth of the flakes that as a consequence shapes the next one. Thus, the third monolayer probably grows on top of the previous two stacked layers in a layer-by-layer mechanism, leading to the formation of a homogeneous Mg film with low surface roughness.
Using scanning tunneling spectroscopy (STS), I(V) profiles were recorded at RT by collecting the tunnel current as a function of the tip-sample bias voltage over a 65 V range. Scan areas of around 100 Â 100 nm 2 were analyzed for clean silicon substrate and for 0.25 ML, 1 ML, and 3 ML Mg coverages.
From the shape of the I(V) curves plotted in Figure 4 (a), we can observe I(V) features related to the electronic states of the different surfaces. In particular, both 1 Mg ML and 3 Mg ML curves exhibit a metallic behavior, in comparison to the semiconducting behavior obtained for both silicon substrate and the silicide underlayer.
A focus on these I(V) curves at low current is shown in Figure 4 (b). The semiconductor behavior of the silicide layer is visible in Figure 4 (c) with a gap of 0.74 eV. Note that for clean silicon surface, the maximum valence band is 32, 33 of silicide thin film with a band gap of 0.74 eV, in very good agreement with the previous measurements performed by several groups in the 10-50 nm range of Mg 2 Si thin films. 27, 29 Figure 5 displays Auger peak-to-peak signals during insitu oxidation process of one Mg monolayer. From theses curves, we clearly identify three different modes of oxygen adsorption. As expected in region (I), the Mg peak shifts totally to a lower energy from 45 to 35 eV due to oxidation of Mg. Oxygen peak linearly increases, while the intensity of the Mg peak at 45 eV drastically decreases (compared with initial intensity of Mg peak at 45 eV) as well as silicon. Note that there is no shift of the silicon Auger peak, indicating that oxygen atoms cover the Mg monolayer with no oxidation of the silicon substrate which seems protected by the silicide interfacial layer and giving a remarkable Si/Mg 2 Si/ MgO stack, considering that MgO and Mg 2 Si are such strongly bonded compounds. With increasing oxygen exposure, we clearly observe in region (II) that the kinetic of oxygen adsorption drastically changes with an obvious break followed by a slowdown of the oxygen adsorption. Concomitantly, the Mg oxidized signal (35 eV) increases while all the metallic Mg atoms (at 45 eV in region (I)) get oxidized. This behavior is explained by a decomposition of the interfacial silicide where buried Mg atoms move from the silicide layer towards the surface to form more Mg oxide. The reaction leading to partial decomposition of silicide and formation of magnesia at the surface were previously reported at higher temperature in thicker silicide layers. 30, 34 This self-limited process is followed by a decrease of Mg oxide peak while oxygen atoms still incorporate on top of the surface in region (III).
Note that at the end of oxidation process, a thermal treatment at 500 C enables to go back to the second obvious break, resulting in the desorption of oxygen atoms, adsorbed during regime (III).
In conclusion, both AES growth curves and topographic STM images recorded for wide range coverages show a different growth mode compared to RT deposition of metal on semiconductor that usually leads to the 3D growth mode. [35] [36] [37] Growth mode of Mg on Si(100)-(2 Â 1) at RT takes place in two successive steps. First, the formation of an ultrathin silicide layer occurs up to 0.25 deposited ML as previously suggested in XPS and STM studies and then identified from STM and STS-I(V) curves with a specific spectroscopic signature and a 0.74 eV electronic band gap. Thereafter, as Mg deposition increases, a layer-by-layer growth mode is set with metallic Mg atoms deposited on top of the formed silicide film. The ultrathin silicide layer acts as a reaction barrier at the interface preventing Si and Mg from coming into contact and forming more silicide beyond 0.25 ML deposited, proved by STS with a metallic behavior of 1 and 3 Mg monolayers.
During RT oxidation process of one Mg monolayer, we have shown that the silicide layer prevents also the silicon oxidation. This indicates a potential role of Mg as an easily removable encapsulant for silicon, in analogy with the use of arsenic or selenium in the GaAs case. 38 With more oxygen exposure at RT, Mg atoms of the silicide layer diffuse to the surface to form more Mg oxide and probably improve significantly the quality of the MgO/silicon interface. This work has been made possible thanks to the financial support of the following organizations: R egion ProvenceAlpes-Côte d'Azur (PACA), Institut Carnot STAR, and ville de Marseille. The authors thank B. Aufray, J.-Y. Hoarau, and H. Nguyen Thi for their generosity having contributed to optimize the experimental system dedicated to this study.
